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(57) ABSTRACT

To this end, the invention relates to a method for controlling
a switched electronic circuit connecting an electrical voltage
source u to a load R and forming a system having an output
y and a plurality of operating modes 1, at least some of which
thus can be activated by following a switching rule o.
According to the invention, the following steps are pro-
vided: —measuring state variables x of the system having
equilibrium values x; —introducing at least one parameter
p 1nto the system, representing a measuring error ol an
clectrical unknown of the operation of the circuit; —esti-
mating the parameter from a state monitor and applying a
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Lyapunov function thereto; —deducing therefrom the equi-
librium values of the system 1n order to obtain the control

rule.
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METHOD FOR CONTROLLING A
SWITCHED ELECTRONIC CIRCUIT

TECHNICAL FIELD OF THE INVENTION

The present mvention relates to the field of electronics

and more particularly to controlling switched electronic
circuits.

TECHNOLOGICAL BACKGROUND

The category of switched electronic circuits includes
power converters. These devices find very widespread use in
domestic and industrial applications for adjusting the power

delivered by a power source to a load. A model flyback
DC-to-DC converter 1s 1llustrated in FIG. 1. This converter
comprises a primary circuit and a secondary circuit. The
primary circuit comprises a voltage source that 1s connected
in series with the primary winding of a transformer and a
switch S. An inductor L 1s added to model the transformer.
The secondary circuit comprises a secondary winding of the
transiformer that 1s connected by a diode D to a resistive load
R. A capacitor C 1s connected 1n parallel with the secondary
winding and the diode. A resistor R __, 1s added 1n series with

the capacitor C to model losses due to the capacitor C. The
transistor may be controlled, unlike the diode. The nput
voltage source V _ 1s an 1deal voltage source, 1.e. without any
series resistance and with unlimited power. The inductor of
the primary L 1s also 1deal, 1.e. without any series resistance
or magnetic losses. The diode and the transistor are 1deal (the
voltage in conduction mode 1s zero). The transformer 1s also
assumed to be 1deal.

The converter may operate in three modes:

Mode 1: the inductor L collects energy from the voltage
source V. while the capacitor C supplies the load R with
power.

Mode 2: the energy collected 1n the inductor L flows 1nto
the transformer, charges the capacitor C and supplies
the load R with power.

Mode 3: the capacitor C supplies the load R with power.

If only Modes 1 and 2 are active during the cycle, the
converter operates in CCM (continuous-conduction mode).
If Mode 3 1s active, the system works 1n DCM (discontinu-
ous-conduction mode), 1.¢. the energy stored 1n the imnductor
in Mode 1 1s completely transferred to the capacitor in Mode
2.

It 1s known practice to control these converters on the
basis of a linear time-invariant (L'IT) system model. These
methods result 1n local stability. They are generally imple-
mented with two loops, a fast current loop and a voltage
loop.

The miniaturization of electronic components has made it
possible to develop less expensive systems. Additionally, it
1s advantageous to work at low current levels so as to
decrease losses. In this context, the switching frequency of
the converter plays a fundamental role: the higher the
frequency to which the switching frequency may be
increased, the greater the extent to which the electronic parts
may be minmiaturized and losses decreased.

However this miniaturization presents robustness prob-
lems: the short response time as a result of the smaller
components make the system more sensitive to variations.

It has been envisaged to take the explicit hybrid nature of
these converters mnto account 1n the design of stabilization
control laws which are based 1n particular on a switched

afline system model.
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2

One example of a switched afline system model appli-
cable to such a flyback DC-to-DC converter and the corre-
sponding operating conditions are described below. The
notation will be as follows: the set composed of N first
integers is denoted by K={1, . . ., N} and if the simplex of
dimension N-1 is Ay:={he RMVie K, A>0, Z_ “A~=1}.
The convex combination of a set of matrices A=(A,, . . .,
A ) is denoted by A(M=2,_, A\, A, where AeA,. The iden-
tity matrix 1s denoted by I for all dimensions.

Such a converter 1s a switched system that can be modeled
in the form of a switched state space as follows:

(1)

where x(t)e R ™ 1s the state and u(t)e R ™ 1s the nput that 1s
assumed to be fixed (u(t)=V_), wherein said input cannot be
used as a control variable. The control command 1s formed
by the switching law o: R "—K which indicates the active
mode at any given time. The state vector x'=[i,, v] is
composed of 1, (current through the imnductor L) and of v
(voltage across the terminals of the capacitor C). With
reference to FIG. 1 and by using Kirchhoil’s laws, the sets

X=A_x+b_u

A={Al, ..., A} and B={BI, ..., B"}, where N=3, are
given by:
00 " n'R,, nR,. n (2)
A, = | |a,=| LK RLK L
Y RCK A
) ) L K RCK
0 0
Az = -1
() —
i RCK
b % b ’ b ’ ”
L E‘M : ‘M
0
where
Resr
K = (l + )

Hereiafter, what 1s considered 1s the CCM configuration
(only Modes 1 and 2 may be activated, hence N=2). The
control problem, which 1s a switched system control prob-
lem, may also be considered by using, for the system defined
in (1), a “convexified” representation given by:

X=ANx+B\)u (4)

where AeA,. Specifically, applying the density theorem
guarantees that all of the trajectories of the convexified
system defined 1n (4) may be reached by the switched system
defined by equation (1) by means of sufliciently fast switch-
ing. This means that 1t 1s possible to study the convexified
system and apply the results obtained to the switched
system. Since the matrix A(A) 1s a Hurwitz matrix, it 1s
possible to design stabilization strategies even though not all
of the A, are stable. In this case, the equilibrium point of the
system defined by equation (4), denoted by x_, 1s found 1n
the set X such that, for fixed u, 1t 1s defined as:

X,={xeR" |x = A7 QOBQ)u, A € A, AQQ) Hurwitz) (5)



US 10,951,119 B2

3

The stabilization strategies of this control law are based
on an assumed perfect knowledge of all of the operating

parameters of the converter, including the mput voltage and
the load.

By assuming that for every AeA, such that A(A) 1s
Hurwitz, there 1s at least one index 1, such that A,=0 and A,
1s Hurwitz (Hypothesis 1), and by stating that the estimate
X of the state x has a value of X=x-x" where x" 1s the
equilibrium point of this state, the Lyapunov function V 1s

defined by:

Vix):=X"PX (6)

where P=P“>Q, P being the Lyapunov matrix, the solution
to Lyapunov equation (7) 1s

AIP+PA +0 . P=0i=1,... N (7)

where

N . . .

a; >0 1f A(A) 1s Hurwitz
a(A) = E A, {
— a; =0 else

According to a first proposition (Proposition 1), what 1s
considered 1s the switched system (1) and an equilibrium
point Xx’&€X_ where u=V_, A=A" and A(\") Hurwitz: for
P=P*>0 solution to inequality (7), the equilibrium point X" is
asymptotically stable overall with the following feedback
law:

ot (x) = arg[t_m'n (% P(A;x + Biu)]] (3)

T=t.4

This 1s proven using a Lyapunov function
V(x,xr)=(x,xr)=X’PX. The derivative of V is denoted,
along the trajectories d=A(A)x+B(A)u, by:

v(x, XN =2F L P(A (W x+B(Mu)
Defining the Lyapunov matrix P gives:

Vix,x";0)=2%"Pla(WF+AWNX +B (W) =—a(M)x' Pi+B
(M) (1)

For A=A", the term A(A)x"+B(A)u=0 and so:

| v (9)
Vix, x, A7) = Z A23T P(A;x + Biw)
i=1

< —a(ANx Px

Since ol =2,_,"A, o, cannot be zero due to Hypothesis 1, it
can be concluded that the choice of switching rule (8) leads
to:

Vi, x":0%)=28TP(A _ux+B wtt)2—O(NZTPF>0,ifF=0 (10)

In practice, the control law (8) must be sampled and 1t has
been shown that this sampling results in a static error, which
1s dependent on the sampling time T. With infinite switching
frequency 1t 1s possible to decrease this static error to zero,
but this 1s not realistic in a real-time application. Moreover,
the method uses a Lyapunov function V which 1s dependent
on the equilibrium point x”. However, for power converters
such as mentioned above, the equilibrium point x” 1s depen-
dent on the load R and on the mput voltage u, and 11 there
are variations or uncertainties in these parameters, the
robustness of stabilization of the equilibrium point must be
analyzed.
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4
OBJECT OF THE

INVENTION

An object of the mvention 1s to provide a stable control
law for switched systems that takes unknown constant
parameters into account. For example, 1n the case of power
converters, the invention provides a stable control law even
in the absence of knowledge of the input voltage and/or the
output load.

DISCLOSURE OF THE INVENTION

To this end, the invention relates to a method for control-
ling a switched electronic circuit connecting a voltage
source u to a load R and forming a system having an output
y and a plurality of operating modes 1, at least some of which
can therefore be activated by following a switching law a.
According to the invention, the following steps are pro-
vided:

measuring state variables x of the system having equilib-

rium values x;
introducing at least one parameter p into the system,
which parameter 1s representative of a measurement
error for an electrical operating unknown of the circuit;
estimating the parameter on the basis of a state observer;
deducing therefrom the equilibrium values of the system
that are needed for control-law convergence.
More specifically, the method preferably comprises the
steps of:
measuring state variables x of the system having equilib-
rium values x;

associating at least one error parameter p with at least one
clectrical operating unknown of the system so as to
represent the system in the form

X=Acx+ Bsu+ Ggp
p=0

A, being the state matrix, B, the input matrix and G, the
parameter matrix 1n mode 1 controlled by the switching
law ©O:

estimating the values of the parameter p on the basis of a

state observer of type

{ S

E: .-;;—24-?@-”4'[0-(}’—?)
y=02

where 7 is a state vector such that z’=[x",p’], C is an
observation matrix such that C=[1 0], and L, 1s a gain
matrix calculated by solving a linear matrix iequality
(LMI) such that the error ¢ with time between the state
vector z and 1ts estimate 2 tends exponentially toward

Zer0;
deducing therefrom estimated equilibrium values x” of the

state variables X;
the switching law taking the following form

AL P) = arg[m_in w” P(A:% + Bt + G ;f;)]]

where w=(x-x") and P is the solution to the Lyapunov

equation.
Thus, the proposed control law depends on estimating at
least one parameter added to the model of the system to
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represent losses and variations 1n quantities that cannot be
measured or 1n any case known exactly.

Other features and advantages of the nvention will
become apparent upon reading the following description of
one particular nonlimiting implementation of the invention.

BRIEF DESCRIPTION OF TH.

(L]

DRAWINGS

Reference will be made to the appended drawings, in

which:

FIG. 1 1s a simplified diagram of a flyback converter
circuit;

FIG. 2 1s a schematic representation of the parameter p,;

FIG. 3 1s a schematic representation of the parameter p,;

FI1G. 4 shows the incorporation of the parameters p, and
p, 1nto this circuit;

FIG. 5 shows curves 1llustrating a stepwise variation in R
and V_ with the switching-and-observing control method of
the 1nvention.

DETAILED DISCLOSURE OF THE INVENTION

The mnvention 1s described here 1n terms of application to
a flyback DC-to-DC converter. However, 1t goes without
saying that the invention 1s applicable to any switched
system.

As mentioned above, 1n power converters 1t 15 common
tor there to be no 1mput voltage measurement and no output
load measurement available. The invention envisages taking
into account two parameters that are representative of the
missing input voltage measurement and of the missing
output load measurement. These parameters are here related
to the resistance R and to the voltage u, such as illustrated
in FIGS. 2 and 3. The voltage parameter p, makes 1t possible
to 1dentify the error in the input voltage, as explained by
equations (12) (1n which x, represents the uncontrolled state
variables), and the current parameter p, makes 1t possible to

identily the error in the output load, as explained by equa-
tions (11).

Y I3 (11)
= — = 4+ —
‘TRTPATR
P 1
Ll
i]* V
. v U — P2 (12)
X1 = — =
L L
i=u —p

For ease of understanding, these two parameters, given by

equations (11) and (12), are added virtually to the converter,
as shown in FIG. 4.

A perfect estimate of these parameters gives key infor-
mation on the steady-state point which 1s unknown, a priori,
in the absence of R and u measurements.
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6

Similarly, the switched afline system describing the con-
verter of FIG. 4 1s given by:

{.J.C:AG-X+BG-H+GUP (13)

p=0

where p 1s an unknown-parameter vector, A 1s the state
matrix, B 1s the input matrix and G 1s the parameter matrix.

To estimate this vector, use 1s first made of an augmented
state vector z'=[x”, p’| to rewrite the system defined by the
equations (13) as:

FZ :ﬁﬂ'Z‘FEG'” (1)

U

Cz

Y=

where A is the augmented state matrix and B is the aug-
mented mput matrix, which are defined as

. A, Gi ] . B,
A = B =
0 0 0
;oL R -1
G - L|g_| IK T |
-1 1
CK | CK
0 0
Gy=| —1
S I
Kk .

L

Without losing generality, C=[C 0] 1s used for the output
matrix. In the present case, C=I but the approach resulting in
the 1vention 1s also applicable when the state x 1s not
available for measurement. The set of equilibrium points of
the system defined by formula (14) 1s then:

Z_={z€RM ANz +B(W)u=0}
It 1s assumed that z’&7Z_ and A=A", such that

(15)

AONYZ+B(WHV =0 (16)

An augmented state observer 1s used to retrieve the
unknown parameters. The integer-order observer 1s defined

by:

rl" ]

2=Agl+Bou+ Ly (y— )

= (%

(17)

T

..

By 1inserting the error ¢ between the vector z and 1ts
estimate z such that e(t)=z(t)-z(t), its dynamic behavior is
given by:

é—(4_-L Ce (19)

The gains L, must be designed to satisiy

lim, , [e(t)]=0, and to ensure that this 1s achievable using
the following conventional result.

According to a second proposition (Proposition 2): if
there 1s a positive definite matrix P_, =P _, >0, matrices R,
and scalars v, >0 satisfying, for every 1€K:

ﬁ rTP obs +P o E?SAHH r_ETR rT_R IE+Y rP obs <0 (2 0)
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then the switched systems meeting equation (19) are, over-
all, exponentially stable, with a decrease that 1s at least equal

O Y= 1ex""s
This 1s proven by analyzing the Lyapunov function

V(e)=e’P_, ¢ and the well-known variable change
RI'ZPGE}SLI"
If equation (20) allows a solution with P_, =P_, *>0, this

means that V=e’P_, ¢ is a Lyapunov function and that
lim, _[e(t)]=0 tor any switching rule.

This makes 1t possible to construct a stabilization switch-
ing control law that 1s based on a parameter and state
estimate by modifying switching law (8) to guarantee over-
all asymptotic stabilization.

The main difficulty 1s associated with determining the
operating point based on an estimate p of p. To explain how
to get there, the following definitions and hypotheses are
required.

Definition 1: for fixed £20, the set A, {E)={heA: A(A+V) is
Hurwitz for every vep(0,8)}.

Definition 2: for fixed £z0, the set of accessible equilibrium
points 1s defined as:

i
Xref (€) = {x*’ eRY: ¥ = —AQ)™ [B@)Gm][ ) }

(P, A) €ER™P XA (f)}

X, 15 used as the controlled portion of the state variables
and x, the remaining state variables, such that x’=(x,*,X,%).
Without losing generality, 1t 1s assumed that x,=C_,” and
X,=C_,*. The tunction ¢ 1n C™ 1s considered as:

X

P(AX 1, X0, 1, D)=ANX+B(Nu+G(A)p

For AEA, (), meaning that A(A) is Hurwitz and, conse-
quently, invertible, there 1s, for every fixed u and p, a single
X, such that

(21)

P(AX,%,u,p)=0

Hypothesis 2: for every x,"EX, (&)IX,,u,p, there is a single
class function C'=(,,,) such that

X 1=0 (x5 1,p)EX, AE) - (22)

A=05(x5", ”:P)Eﬁrej@) (23)

which satisfies the following relationship:

(A, X1, X, u, p) =X, X1, X5, u, p)

=0

Moreover, it is assumed that there 1s a constant 1(x",u,&)>0
such that

(24)

|| aﬁbl (3‘55:' 2 )|
dp

< n(xy, U, &)

(e

The parameterization effected by equations (22) and (23)
plays an important role 1n the proposed approach, since 1t
makes 1t possible to estimate the reference point based on an
estimate p of the parameters p and a reference (or equilib-
rium value) x,” for the controlled portion x, of the state
variables. This leads to
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X/ =@ (%) ,u,p) (25)
A=, (x,",1,5) (26)
From this, 1t 1s assumed that:
o | H
X = ,
|2
The dynamic behavior of X,”, for fixed x,” and u, i1s:
r Ay -
(001 27
P p (27)
gy
T (p-p) (28)
%,7=0 (29)

By assuming that p=0 and by replacing p with its expres-
sion (18), what 1s obtained 1s:

r 0 . 30

'i:l — ﬂL(AF)CE ( )
dp

X, =0 (31)

This leads to the following theorem.

Theorem 1: by considering the switched afline system with
unknown parameters such as defined m (13), by writing
x'=(x,"",x,”") with x,”=0,(x,”,u,p) and by assuming that
Proposition 1 and Proposition 2 are satisfied, what 1s
obtained, according to Hypothesis 1 and Hypothesis 2 and
for every x,"€X, {A)l,, where £>0, 1s the feedback law
defined by:

o (%, &, p) = arg[m;n [w! P(Aix + Biu + G; ;3)]] (32)

o~ .-""'-.}:-1'

where w=(x-X").

This feedback law guarantees overall asymptotic stability
of the equilibrium point x” as can be proven below.

It 1s taken from Proposition 2 that the observation error
converges toward zero for any switching rule and, from

Proposition 1, the Lyapunov matrix P and the scalars «;. For
AEA, L), equation (7) gives:

20 PAAN o+ (Ao TPm=0

where (A)=Z,_ YAJa. )
With A(AN)X"+B(ANu+G(A")p=0 and A . defined in equa-
tions (25) and (26), giving:

(33)

20TPAFEE+BA ) u+G(A")P)=—a( Ao Pa

> _ YAZo P4 F+Bu+G p)=—a( Ao Pw

Since a(A")=2._,"=A"a. cannot be zero according to
Hypothesis 1, it 1s possible to conclude that control law (32)
leads to:

207 P(A ARB u+ Gy py oo )0 PO (34)

<0, if =0 (35)
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By taking the Lyapunov function V defined in equation

(6) and by using (x,x",A) instead of x,x”, what 1s obtained is:
L . i . [~ gl -
V@, &7 A) = 20 P(A (X + Bu + GIP + (L(PL) -5 Lm)]cg]

If the following term 1s added to each side of inequality
(34)

what 1s obtained 1is:

| y 8 _ 36
Vit % o) = o)’ Pw + ZmTF{LO-* _ %;ﬂ]ee (56)

Since e converges exponentially toward 0 for any switch-
ing rule and therefore, in particular, for the switching rules
resulting from control law (32), where y=miny, there is

K>0,
le(@)]|=Ke™]eql|

Hence:

V(% 3, o) = —ad o’ Pw + (37)

A (x5,
dp

_ u, ) . _
2ﬁm||w||><(||Lg*|| + || ||;,U*||)><||c”;<€ "ol

where p___ 1s the maximum eigenvalue of P.

FRIAEX

A condition suflicient to guarantee

VR, 20" < —TMTP{U < ()

1S

||| > max4 Pras

¢ Xmin ;Bmin

> a@l(xra Ma ) -~ —
(||L1-||+|| = || ||1_Jf||]><||0||f<e "ol

where . 1s the minimum eigenvalue of P and

Umin = Min @A)
AEA of (€)
It should be noted that o >0 for £>0 according to Hypoth-

esis 1 and by defining A, ().
Since there 1s M(X,",u,5)>0, such that

Ay (x5, u, -) .
T
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it can be concluded that there i1s a constant M(x,",u,&)>0,
such that 1f

ool >(x2",2.8)e ¥ leq|

then,

. y
Vi, ;o) < —#{UTP{U < )
Since 1t 1s possible to state that:

Ve, Ve, dr,, such that Me™|e,| <€, Vi<t,,

there 1s necessarily

W

2

, ~F

VX, ¥ ;0" < - "W Pw <0

for any w, such that |[w|>&. This means that for any w(0),
there 1s t;, such that:

Iw(2)||=E

for every t>t,.
It can therefore be concluded that w converges asymptoti-
cally toward 0. Since ¢ also converges toward zero, there 1s:

where x,*=,(x,.1.p), since p—p.

The conditions 1n Hypothesis 2 may be relaxed as follows.

A third hypothesis (Hypothesis 3) 1s then formulated: it 1s
assumed that the application 0=(0,,0,) 1n Hypothesis 2 1s no
longer valid for every p but only for any p 1n a closed convex
domain denoted by P(x,,u,&) dependent on u,x_ and €. It is
also assumed that the nominal value of parameter p 1is
included in P(x,",u,8) and A=x2(X,",u,p)EA, - (&)

According to a third proposition (Proposition 3): accord-
ing to Hypothesis 3, Theorem 1 remains true if the operating
point (X,”,A”) is such that

X=¢, (x>, u,11p) (38)

X =P>(xy 0, 11p) (39)

where IIp is the orthogonal projection of p on P(X,",u,&).
This can be proven in the following way. Since P(x,",u,5) 1s
closed and convex, the orthogonal projection IIp of p on
P(x,",u,€) 1s continuous. The function 0 is considered and
the projection II is used, such that p—0.(x,",u.,Ilp), 1=1,2 for
fixed x,” and u. Since A=0, (x,” uIlp)EA, A8), it1s seen that

(40)

¥ =¢1(4, u ]_[ p)

o
Ak —1 ¥ ¥

= —C, A [BAHGA)] M

N P-

which is well defined as A(A”), is invertible.

The projection 1 makes 1t possible to calculate a reference
point (X,”, x,") for any t. Of course, the operating point
X", (X,”,x,") calculated in this way with a projection of p is

not an equilibrium point of the system when pEP(x,",u,5).
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Since pEP(X,",1,&), the convergence of the error e toward
zero for any switching rule and the continuity of 0 guarantee
that there is a time t,(e_), such that AFZBz(xziujﬁ)EAw(%)
and pEP(x,",u,g) for every t>t,, as long as P 1s sufficiently
close to p. For every t>t,, proof 1s reached by following steps
similar to those taken to prove Theorem 1.

Thus, to drive a flyback converter such as described, it 1s
suilicient to combine the converter with a unit for controlling
the switch which 1s programmed to implement the control
law of Theorem 1.

A numerical example will now be described.

A flyback converter described by equation (1) 1s chosen,
this depending on six parameters having the following
nominal values:

u=28V,.R=T75Q.L=200uH,C=2.6uF R _,=0.02€2 and

n=2.

esr

The target equilibrium point 1s written as x,"=15V. It 1s
assumed that the converter 1s working with said nominal
values and, having robustness as the primary objective, it 1s
also assumed that x, and x, are measured. It 1s also assumed
that the load R and the input voltage V_ may change and that
these parameters are not measured.

As hypothesis, what 1s considered 1s a piecewise constant
function with variations of between 15€2 and 15082 for the
load and between 44 V and 28 V for the input voltage.

It 1s verified that this system satisfies Hypothesis 3. For a
given value x,”, and by calculating p on the basis of (17),
what 1s obtained 1s A”:

( . (RESI" + Rﬂ)(PZ + ng)
_l. —

% (RES}" + RD)VE + H’RDXE — HRESI"RDPI
A =1-X

(41)

For a given value >0, the set A, _(S) 1s given by

{ME[U I - &

L=1-2

since only A, 1s not Hurwitz. It 1s then straightforward to

verify, on the basis of equations (41), that if P(x,",u,&) 1s
defined by:

=P imaxﬂp f{pfmax {pfffm

—nx5 =p2=a(S)pl+h(E)

where

HRES}"R
a(g) = —(1 = &) o——=, b(&) = (1 = OV, —nkeyx;

and

(Resr + R)V, + nRx,
HRESI"R ,

Plim =

then A"EA, (&) and hence x,” is well defined for the set P.
Moreover, since the set P i1s compact, mequality (24) is
satisiied, as 1s, consequently, Hypothesis 3 for the applica-
tion under consideration. In practice, p, =107, which value
1s very far from the admissible physicaﬂiﬂvalues for p.
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L.MI conditions (7) are solved to obtain the matrix P with
a,=0, a,=35 and £=0,1:

36 ]
093

LMI conditions (20) are also solved to obtain the gains L,
for the observer with y,=y,=3.,3x10". In this application, a
gain of the current observer 1s obtained for each mode:

74291 (43)
P=(

36

362 19 (44)
19 1569
Lf = . e K
243 =3153
 —3133 =243,

By applying the robust and adaptive control of Theorem
1, the results shown 1n FIG. 5§ are obtained. To see the
behavior of the system 1n a closed loop, 1n the case of all of
the parameters being perfectly known, the simulation sce-
nario begins with the nominal values x,. The vanations 1n R
and U are mntroduced after 1 ms. FIG. 5 shows a stepwise
variation 1n R and V_ with the switching-and-observing
control method. Curves 1 and 2 show x,,Xx,” and X,.x,,
respectively, while curve 3 shows the estimation parameters
p, and p, and curve 4 shows the variations 1n U and R. Times
are given in ms.

It 1s apparent 1n these curves that parameter p converges
toward a new value each time R or V  changes, and that the
controlled output, x,, exhibits robustness faced with varia-
tions 1n R and V_. The control law clearly rejects the
disruption in x2 and the current x1 1s well adjusted to the
variations.

It 1s worth noting here that the control method according
to the invention 1s not based on a linear approximation of the
system. The control method 1s implemented directly on the
model of the switched system by taking non-linearities into
account, which makes it possible to guarantee the overall
asymptotic stability of the corrector.

Moreover, stability 1s demonstrated using the observer in
the control loop, which 1s unlike the general practice of the
prior art.

Generally, moreover, the control method 1s developed
under the assumption that the observer has converged.
However, 1t 1s proven here that the observer does not need
to have already converged to guarantee overall asymptotic
stability.

The control method according to the mmvention 1s thus
particularly advantageous.

As seen above, the control method makes 1t possible to
obtain a stable control law even in the absence of exact
knowledge of all of the operating parameters of the switched
clectronic circuit.

Here, neither the imput voltage nor the output load 1s
measured: the observers used allow these parameters to be
taken into account.

Control that 1s self-adaptive with respect to variations in
operating parameters of the switched electronic circuit 1s
thus obtained without 1t being necessary to measure said
operating parameters. The switched electronic circuit 1is
simplified and 1ts cost decreased by removing the difliculties
related to obtaining accurate measurements of the operating
parameters.
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It should be noted that the control law 1s stable over a
wider operating range than the stability range obtained with
the control laws of the prior art (outside linear domain).
Moreover, this stability, obtained by implementing the
control method according to the invention, can be proven.
Being able to prove stability 1s a great asset in applications
requiring certification work, and in particular 1n aerospace
applications. Without such a proof of stability, even 1 the
circuit appears to operate perfectly well, 1t 1s eflectively
impossible to guarantee stability over the entire operating
range, and hence it 1s impossible to certily and to authorize
a device implementing such a circuit for tlight.
Of course, the invention 1s not limited to the embodiments
described but includes all variants that come within the
scope of the invention as defined by the claims.
The invention claimed 1s:
1. A method for controlling a switched electronic circuit
connecting a voltage source u to a load R and forming a
system having an output y and a plurality of operating modes
1, at least some of which can therefore be activated by
following a switching law o, characterized in that the
method comprises the steps of:
measuring state variables x of the system having equilib-
rium values x”;

associating at least one error parameter p with at least one
clectrical operating unknown of the system so as to
represent the system in the form

X=Asx+ b u+Ggzp
p=\

A, being the state matrix, B_ the input matrix and G, the
parameter matrix in at least one of the modes 1 con-
trolled by the switching law o©;

estimating the values of the parameter p on the basis of a
state observer of type
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where z is a state vector such that z’=[x*p?], C is an
observation matrix such that C=[10], I is an identity matrix,
and, and L 1s a gain matrix calculated by solving a linear
matrix mequality (LMI) such that the error ¢ with time
between the state vector z and estimate z thereol tends
asymptotically toward zero;

deducing therefrom estimated equilibrium values X" of the

state variables x;
the switching law taking the following form

o (% &, p) = arg|min[w” P(A% + B+ Gip)|

where w=(x-x") and P is the solution to the Lyapunov

equation.

2. The method as claimed i1n claim 1, wherein the
switched electronic circuit 1s a converter comprising a
primary circuit and a secondary circuit, the primary circuit
comprising the voltage source that 1s connected in series
with a primary winding of a transformer and with a switch,
an 1mductor L being connected in parallel with the primary
winding and being under a voltage v,, the secondary circuit
comprising a secondary winding of the transformer that 1s
connected by a diode to a resistive load R, the method
comprising the step of defining a current parameter p, to
represent the error in the output load such that

f:p’1+—

11s a current 1n a conductor, v 1s a voltage in the conductor,
p, to represent an error in the input voltage such that

where X, represents the uncontrolled state variables.

G o e = x
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